Black phosphorus has emerged as the next member in the graphene inspired two-dimensional materials family. Its electronic and magnetic properties are studied herein using electron and nuclear magnetic resonance techniques (ESR and NMR) and microwave conductivity measurement. The latter is a unique technique to study conductivity on air sensitive samples. The ESR study indicates the absence of free charge carriers and no sign of paramagnetic defects are found.
I. INTRODUCTION
The discovery of graphene 1 opened up a new perspective for the application and fundamental studies of twodimensional materials. Black phosphorus was rediscovered as a potentially interesting 2D material given that it has been known for a century 2-5 . While structurally similar, the most important electronic difference compared to graphene is the expected small gap semiconducting behavior which would make this material to lie between the large gap transition metal dichalcogenides and graphene 6 . This has clear implications on the utility of black phosphorus in electronic devices.
Numerous efforts are made to exfoliate single layer or few layer [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] black phosphorus (bP) from bulk crystals, yet production of good quality single layer phosphorene in high yields remain an open question. An important hindrance is that while the bulk material is more or less stable in air (surface oxidation can passivate the material if water is not present 18 ), the mono-and few-layer flakes are unstable in the presence of oxygen or moisture (due to exoenergetic chemisorption of oxygen 19 ) resulting phosphorus oxides and acids 5, 16, [18] [19] [20] [21] [22] [23] [24] [25] . Much as the air and water sensitivity makes the studies difficult, it is expected that bP would serve as a starting material for a new class of hybrids with plenty of applications, much like graphite is the mother compound of graphite intercalation compounds 26 , which turned out to be rewarding for both fundamental science and applications.
In order to proceed with the hybrid preparation it is imperative to characterize bP as well as possible. Concerning the electronic properties, magnetic resonance and conductivity measurements can provide additional information. Transport and photoelectron spectroscopy studies [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] indicate the presence of a moderate band gap of about 0.3 eV for bulk, which can be increased up to 2 eV with reducing the number of layers 3,7,10 . Electron spin resonance (ESR) spectroscopy can indicate if localized or delocalized unpaired electrons are present and also hint at the presence of impurities, nuclear magnetic resonance (NMR) is a powerful tool to characterize the chemical environment of the studied nuclei and to tell whether any fluctuating electron spins are present in the vicinity of the nucleus (either localized or itinerant). The 31 P NMR spectra was also studied using magic angle spinning (MAS) 23, 37 , paying a special attention on the degradation of the material. In addition, microwave conductivity allows a direct and contactless measurement of the conduction properties which is particularly suited for air sensitive materials where the conventional contact methods are impractical. Clearly a study with these techniques is desired due to the wealth of informations they could provide.
With this motivation in mind, we studied bP using magnetic resonance (ESR and NMR) and conductivity measurements. ESR indicates the absence of free charge carriers and shows a negligible amount of impurities only. 31 P NMR indicates a semiconducting/insulating behavior with the well-known Pake doublet structure which is characteristic for I = 1/2 nuclei, which interact through the magnetic dipole-dipole interaction. The temperature dependent microwave conductivity showed that the material is semiconducting with two features (large and small gap). This double activated behavior is well known for weakly doped semiconductors.
II. EXPERIMENTAL
Black phosphorus was obtained from smart-elements with purity of 99.998%. The commercial bP crystals were grounded inside an Argon-filled glovebox (MBraun, < 0.1 ppm of O 2 and H 2 O) and used as a crushed powder. For the NMR and ESR experiments 52 mg, for microwave conductivity 2 mg of bP was put into quartz tubes, evacuated to high vacuum (2 × 10 −6 mbar) and sealed under 20 mbar of He (purity 99.9999%). The aqueous H 3 PO 4 was nominally 85 wt% and obtained from Hungarian Fine Chemicals (98% pure), and was kept in a sealed teflon holder to avoid moisture uptake from air. Phosphorus pentoxide, P 2 O 5 was from Merck with purity of 98% . Approximately 30 mg of powder was put into quartz tube and dried under 2×10 −6 mbar of pressure at 120
• C for 2 hours to evaporate the transformed material, then sealed.
Raman spectra were acquired on a commercial LabRam HR Evolution confocal Raman microscope (Horiba) equipped with an automated XYZ table and a laser spot size of 1 μm (Olympus LMPlanFl 100, NA = 0.80 ). All measurements were conducted in backscattering geometry using an excitation wavelength of 532 nm, with an acquisition time of 2 s and a grating of 1800 grooves/mm. To minimize the photo-induced laser oxidation of the samples, the laser intensity was kept at 0.88 mW. The scattered photons were detected with a cooled CCD, the sample was placed on a Si/SiO 2 wafer.
Static NMR measurements were carried out on a commercial Bruker Avance 300 instrument with a custom built, tunable solenoid probehead. The DC magnetic field is 7 T, the corresponding 31 P frequency is about 121 MHz. The NMR shift was measured with respect to the H 3 PO 4 reference sample. The T 2 transversal or spinspin relaxation time was determined from separate spin echo signals with varying delay between a 90 and 180 degree pulses (varied from 20 μs to 100 μs). T 1 longitudinal or spin-lattice relaxation time was determined from a free induced decay (FID) signal with different repetition times (varied from 100 ms to 15 s) 38, 39 . For ESR measurements a Bruker Elexsys E500 X-band spectrometer was used. Both the NMR and ESR measurements were done at room temperature.
Microwave conductivity measurements were done with the cavity perturbation technique 40, 41 . The method relies on placing the sample in a microwave cavity (into the node of the microwave electric, and maximum of the microwave magnetic field), where the alternating microwave magnetic field induces eddy current in the sample. This configuration is very sensitive to small changes in the sample conductivity for fine grains samples 42 . A measurement of resistivity, ρ, proceeds by detecting the change in the loaded cavity quality factor (Q L ), which is corrected by measuring the Q of the unloaded cavity (Q 0 ). It is known that for fine grains ρ ∝ (1/Q L − 1/Q 0 ) −1 . A limitation of the method is that it cannot provide absolute values of the resistivity as sample size distribution related correction would be needed. An advantage of the method is that it is very sensitive to small changes in the relative value of ρ and that it can be readily applied for air sensitive sample and for fine powders for which the conventional, contact based, methods are impractical or impossible. The Q factor of the cavity is measured via rapid frequency sweeps near the resonance. A fit to the obtained resonance curve yields the position, ω 0 , and width, ∆ω, of the resonance. Q is obtained from ω 0 /∆ω.
III. RESULTS
In bP direct measurements are hindered by the extreme sensitivity of the material to air, moisture and visible light. Thus, one has to apply contactless methods such as NMR, ESR and microwave conductivity to get a deeper insight of the electronic and magnetic properties.
A. Raman spectroscopy
To verify the quality of the used bP material, first the Raman spectrum was recorded. Fig. 1 . shows the spectrum obtained at 532 nm excitation wavelength. 
B. NMR
Early studies of black phosphorus were hindered by the rapid degradation of the material under ambient conditions due to its remarked oxophilicity 25 . Further studies showed that the degradation is due to oxidation and in the presence of water the oxides can transform into acids. In excess oxygen not just P−O and P=O formation is present in bP, but side products also appear as separate molecules. Using a priori knowledge from white phosphorus one expects that only PO 3 is formed at room temperature, which can turn into phosphorus acid, H 3 PO 3 49 . However, recent experiments showed that higher oxidation level of phosphorus is also present, namely phosphorus pentoxide P 2 O 5 and phosphoric acid H 3 PO 4 16,18-21,23-25 . Most probably these reactions occur because the first step of the oxidation is so exothermic that it can activate the second reaction channel as well.
Static 31 P NMR spectra of H 3 PO 4 , P 2 O 5 and bP are presented in Fig. 2 . The phosphoric acid used as reference is positioned at 0 ppm, the NMR shift of the other two materials are relative to this value. Black phosphorus exhibits a characteristic Pake doublet structure, which consist of two peaks: one at 38(3) ppm and one at 4(3) ppm. This result is consistent with the static NMR results of previous work done by Wang et al. 23 . The features from bP are well distinguishable from the one found in P 2 O 5 , which is located at 51(3) ppm (in a good agreement with the literature value of 48 ppm 50 ) and from the one in H 3 PO 4 . Phosphorus acid presents two features, one at about 10 ppm and a second one at 5.5 ppm 23 , which are also well distinguishable from the peaks of bP.
The T 1 spin-lattice relaxation time is acquired from free induction decay amplitudes with different pulse repetition times. The amplitude was obtained from Lorentzian fits of the peaks. Fig. 2 demonstrates that the relaxation time is slightly non-uniform among the peaks of the doublet: T 1 (40 ppm) = 0.29(5) s and T 1 (6 ppm) = 0.7(1) s. The relaxation time for P 2 O 5 is found to be 13(4) seconds, which is at least one magnitude longer. The shorter T 1 in bP as compared to P 2 O 5 could be caused by a small amount of charge carriers in bP (via thermal excitation or defect doping) 38 , while in the pentoxide it is not expected as oxides usually form large gap insulators. For the H 3 PO 4 we found 0.8(2) s, which means that it is more diluted with water than its nominal value of 85 wt% according to 51 , fortunately the NMR shift is not affected by the concentration. The spin-spin relaxation time, T 2 is found to be homogeneous, within the error of the measurement in black phosphorus with a value about 50(7) μs. Such a short T 2 is typical in solids with strong dipole-dipole coupling.
C. Simulation of the doublet structure
In solids, where dipole-dipole coupling interactions between like-nuclei (meaning: the same) is large, a linebroadening is observed due to the so-called van Vleck formula 38 . The van Vleck formula is the result of several like-nuclei being distributed around a central nucleus. However, when only two nuclei form a strongly dipole coupled pair, the other nuclei being further away 
FIG. 2.
31 P NMR spectra of a) aqueous 85 wt% H3PO4 phosphoric acid, reference material for phosphor nuclei, b) dried P2O5 diphosphorus pentoxide, precursor of phosphoric acid, c) black phosphorus with different repetition times. The acid and the pentoxide are the most probable degradation products of bP under ambient conditions. The peaks in bP are located at 38(3) ppm and 4(3) ppm, while the oxide peak appears at 51(3) ppm relative to H3PO4. According to the spectra the bP sample is completely intact, no traces of H3PO4 or P2O5 is present (peaks are positioned at different NMR shifts). Our results are consistent with the current literature 23, 50 . In the black phosphorus a doublet structure is observed, identified as a Pake doublet. The change of spectra upon different repetition times yield that the T1 relaxation time is anisotropic.
(as dipole field decays with 1/r 3 ), a characteristic doublet structure is formed, the so-called Pake doublet. Fig. 3 shows the calculated NMR spectrum for a pair of phosphorus nuclei (lattice constants taken from 9 ). Note the characteristic doublet structure which reproduces qualitatively the experimental spectrum presented previously. A calculation of the NMR spectrum which includes several 31 P nuclei is beyond the scope of the present contribution. 
D. ESR
We recorded ESR signal from 50 mT to 650 mT of the black phosphorus in X-band (at 9 GHz) with a high sensitivity spectrometer with various spectrometer configurations. Similar studies were successfully applied for the study of compounds with weak magnetism [52] [53] [54] [55] [56] . However, beside all efforts we did not record any ESR signal in bP not even that of impurity spins (e.g. from dangling bonds) which often occur in nanocarbon materials. On the other hand this also means that no conducting electrons are present, which is not so surprising taking into account that bP is a diamagnetic 2 semiconductor 27,28 . Another possibility is that any spin components, either localized or itinerant, could have a large ESR linewidth, which prevents their observations. We note that P is a relatively heavy element as compared to the lighter carbon, the spin-orbit couping, which usually affects ESR linewidths, could be much larger. During the experiments a drop in the Q-factor of the microwave cavity is also noticed from Q 0 = 5000 to Q L = 600, this is a sign of high microwave absorption in the sample, which implies that bP might find applications as a microwave absorbent.
E. Conductivity
Microwave conductivity of black phosphorus was measured in the range of 3.7 − 274 K. The observed values were corrected with the conductivity coming from the empty copper cavity in the whole temperature range and was normalized to the resistivity value in bP at 250 K. Then the data was transformed to an Arrhenius plot, which is shown in Fig. 4 . The resistivity as a function of the temperature is plotted in the inset of Fig. 4 . The conductivity data exhibit a weakly doped semiconducting characteristics, thus two regimes can be identified with two different activation energies accordingly. The high temperature, intrinsic domain is arising from the band structure of black phosphorus, and has a gap of 0.36(1) eV in agreement to literature results on polycrystalline and single crystal materials [27] [28] [29] 31, 32, 34, 57 . The extrinsic part at low temperatures is dominated by the activated conductance of charged impurities/defects. The size of this gap is 5.6(7) meV. The inset presents the resistance as a function of temperature.
Black phosphorus exhibits a weakly doped semiconducting behavior in the whole examined temperature range, the resistivity drops with increasing temperature. At high temperature, above 120 K the resistivity curve follows an activated behavior: ρ = ρ 0 exp (E g,i /2k B T ), where E g,i is the band gap and k B is the Boltzmannconstant. The value for E g,i = 0.36 (1) Below 120 K, the low temperature part also goes in a similar manner, except that the gap is 2 orders of magnitude smaller: E g,e = 5.6(7) meV. This small value of the band gap indicates the presence of shallow donor or acceptor bands. This regime is thus identified as the extrinsic one. The possible dopants in our case are charged impurities, most probably coming from surface bound oxygen. According to Ziletti et al. 19 a horizontal −P−O−P− oxygen bridge can result a new donor type band near the conduction band. On the other hand Narita et al. 32 , Akahama et al. 31 and Baba et al. 35 claimed that according to their Hall and conductivity measurements that the small gap is arising from hole dopants and the gap for the acceptor band is about 15 − 19.5 meV, 11.1 − 18.9 meV and 21.4(1), respectively, which agrees roughly with our results.
IV. CONCLUSIONS
We presented NMR, ESR and microwave conductivity measurements on balck phosphorus.
31 P NMR indicates a semiconducting/insulating behavior with the well-known Pake doublet structure which is characteristic for I = 1/2 nuclei and also carries information about the local structure. The two features of the doublet present in the NMR spectrum are well distinguishable from the degradation products, namely from the oxides and acids. Spin-lattice and spin-spin relaxation times were also extracted. T 1 shows non-uniform behavior and also differs gradually from the other investigated species. ESR indicates the absence of free charge carriers and shows a negligible amount of impurities only and yields that the material is a good microwave absorber. The temperature dependent microwave conductivity showed that the material is semiconducting with an intrinsic gap of 0.36(1) eV and an extrinsic one with 5.6(7) meV. This double activated behavior is well known for weakly doped semiconductors. 
